referred to as friabilin, became a putative marker for addition, there is no clear evidence of the effect of the Gsp-1 genes softness. The accumulation of friabilin in seeds was on grain texture. To answer these questions, we compared the effect found to be controlled by the short arm of chromosome of different dosages of puroindoline and Gsp-1 genes on grain texture.
5D, reinforcing the idea that friabilin could be the prod-
Isogenic substitution and deletion lines for homoeologous group 5 in
uct of the Ha locus (Jolly et al., 1993) .
'Chinese Spring' (CS) were evaluated in two replicated field trials
Friabilin was found to be a composite of related lipidwith 13 blocks each. Deletions or allelic variants of Gsp-A1 and Gspbinding proteins including the basic cysteine-rich pro-B1 did not produce significant effects on grain texture, suggesting that teins puroindolines a (PINA) and b (PINB) and the these genes do not have a critical role in grain hardness. Simultaneous grain softness protein family GSP-1 including GSP-1a, deletions of Pina-D1 and Pinb-D1 in deletion line 5DS-2 and substitu-GSP-1b and GSP-1c ; Rahman et gle -nucleotide mutations resulting in a modified amino acid sequence or null expression of the PINB protein were shown to be inseparably linked to hard-textured W heat marketing systems established a primary grains in surveys of American and European wheats classification of hexaploid wheat based on endo-(Giroux and Morris, 1997; 1998 ; Lillemo and Morris, sperm texture, that is, the hardness or softness of the 2000; Morris et al., 2001) . These results suggest a direct grain. This trait determines many of wheat's potential role for the effect of the puroindolines on grain texture. end-uses. Hard textured grains require more grinding No clear evidence on the role of Gsp-1 genes on grain energy than soft textured grains to reduce endosperm texture has been obtained so far. into flour, and during this milling process a larger numGenes encoding these proteins have been mapped on ber of starch granules become physically damaged. Since the distal part of chromosome 5DS completely linked damaged starch granules absorb more water than unto the Ha locus. Puroindoline loci, Pina-D1 and Pinbdamaged granules, flours from hard wheats are pre-D1, have been detected only on chromosome 5D, while ferred for yeast-leavened bread baking, while flours homoeologous Gsp-1 loci have been conserved in all the three genomes, on chromosomes 5A, 5B and 5D from soft wheats are preferred for manufacturing cook- (Dubcovsky and Dvorak, 1995; Jolly et al., 1996 ; Souries and cakes (Tippless et al., 1994) . dille et al., 1996; Giroux and Morris, 1997) . Puroindoline Different approaches have been used to characterize genes from chromosomes 5A and 5B are present in the the natural variation observed in this character. Genetic diploid donors of the A and B genomes but have been analyses have shown that endosperm texture is primary deleted in polyploid wheats (Tranquilli et al., 1999 ; Gaucontrolled by the Hardness (Ha) locus on the short arm tier et al., 2000). The Ha-related genes may act together of chromosome 5D (Mattern et al., 1973; Law et al., to affect grain softness, and it was observed that geno-1978). It is a simply inherited character (Symes, 1965) , types having the deletion at Pina-D1 were harder than those having the single nucleotide mutation in Pinb-D1 has a Yolo Loam soil (fine-silty, mixed, superactive, nonacid, (Giroux et al., 2000) . In consequence, it is possible to thermic Mollic Xerofluvents).
speculate that the current range of grain textures avail- (Luo et al., 2000) ; and (iv) CS There were no fungicides applied at either location since as control. According to the single kernel characterization no leaf rust infections were recorded for plots in either experisystem (SKCS), CS should be classified as a moderately hard ment, including CS. The dry climate at both locations and the genotype.
low seeding rate did not contribute to favorable conditions for fungal diseases.
Experimental Procedures
The two different experiments were harvested in different years and different locations, but for simplicity they will be In order to detect natural deletions at the studied loci, referred as environments throughout the paper. restriction fragment length polymorphism (RFLP) markers Kernel hardness index, kernel weight, and kernel moisture were used to characterize the chromosome substitution lines values were determined by a SKCS (Perten Model 4100) from listed above. Nuclear DNA was isolated from leaves, following the average of 300 grains. The SKCS calculates the hardness the procedure described by Dvorak et al. (1988) . Southern index using an algorithm developed by the USDA. blots and hybridizations were performed as described by Dubcovsky et al. (1994) . Sample DNAs were digested with Alu I, Bam HI, Bgl II, Dde I, Dra I, Eco RI, Eco RV, Hae III, Hind
Data Analyses
III, Hinf I, Mbo I, Pvu II, Rsa I, Sty I, Taq I, and Xba I Hardness data from each environment were analyzed in a restriction enzymes and screened for polymorphism at Pina-RCBD with 13 blocks. Analysis of variance for hardness was D1, Pinb-D1, and Gsp-1 loci with clones pTa31 (Sourdille performed both within environments and combined across et al., 1996), pTam19B2 (Tranquilli et al., 1999) , and pGsp environments. Levene's test was used to confirm homogeneity (Rahman et al., 1994) , respectively. Clone pTa31, which correof variances between environments. In the combined model, sponds to the Pina-D1 cDNA, was provided by Dr. P. Joudrier environment, genotype ϫ environment (G ϫ E), and blocks (INRA, Montpellier, France). Clone pGSP was supplied by within environment were considered random while genotype Dr. S. Rahman (Division of Plant Industry, CSIRO, Austrawas considered fixed. In the combined analysis, overall differlia). Absence of the corresponding grain texture related loci ences and mean comparisons among genotypes were tested on each of the deletion lines was checked by RFLP analysis.
using the G ϫ E mean square as error term. Differences between environments were tested using linear combinations
Field Evaluations
of mean squares [(MS environment ϩ MS error)/(MS environment ϫ genotype ϩ MS block within environment)] and effecOn the basis of the differences observed by the RFLP analytive degrees of freedom (Satterthwaite, 1946) . ses at the grain texture related loci, 10 genotypes were selected
To study the potential effect of differences in kernel weight for field evaluation. They included the Timstein and Red and kernel moisture on grain texture, the previous statistical Egyptian chromosome substitution lines, deletion lines, and analyses were repeated with the inclusion of these two meathe 5A/5A m recombinant substitution line. Chinese Spring was surements as covariates (ANCOVA). Homogeneity of regresincluded as the control and the 11 genotypes were evaluated sion coefficients among genotypes was tested before the ANin two field trials performed at different environments, Tulel-COVA analyses. Sixteen of the 286 data points were missing ake and Davis, CA, USA. Tulelake is located in the North because of insufficient seed for the SKCS analyses. Therefore, Intermountain region of California and has a Tulebasin Mucky least square means were used for the comparisons among Silty Clay Loam soil (fine, mixed, superactive, mesic Aquandic Endoaquolls), whereas Davis is in the Sacramento Valley and genotypes. Least square means for genotypes were compared with the CS control using Dunnett-Hsu test. All statistical
No differences were detected among Gsp-B1 alleles analyses were performed using SAS 8.0 (SAS Institute, 2001 ).
with the selected restriction enzymes. The only difference detected for Gsp-D1 was the presence of a deletion
RESULTS
in CS (Red Egyptian 5D). This substitution line had deletions at the Pina-D1 and Pinb-D1 loci (Fig. 1) . Sub-
Genetic Characterization
stitution line CS (Timstein 5D) showed a single deletion As expected, hybridization of DNA from CS with for Pina-D1. This difference between CS (Red Egyptian RFLP probe GSP showed three fragments with most 5D) and CS (Timstein 5D) was used to study the relative of the restriction enzymes used in the present study, effect of the simultaneous deletion of the three loci and only one fragment with RFLP probes for each of relative to the deletion of Pina-D1 on grain texture. the puroindoline loci, that is, Pina-D1 and Pinb-D1.
The presence of multiple deletions in the three hardEach of the GSP fragments observed in CS was absent ness-related genes in Red Egyptian differs from the in one of the deletion lines 5AS-3, 5BS-6, and 5DS-2, result presented by Morris et al. (2001) . These authors confirming that the Gsp-1 loci are distal to the deletion made a survey of the Pina-D1 and Pinb-D1 loci in a points in these three deletion lines. Hybridization of the large set of cultivars and indicated that Red Egyptian same DNAs with RFLP probes for the Pina-D1 and had only a deletion at the Pina-D1 locus. This suggests Pinb-D1 loci revealed only one fragment that was absent that the accession used to produce the substitution lines in deletion line 5DS-2. Therefore, it is possible to use of Red Egyptian differed from the one included in Mordeletion lines 5AS-3 and 5BS-6 to study the effect of ris et al. breeding line were also included in the screening memkb Xba I fragment for Gsp-A1 while all these three branes and are reported here because of the presence substitution lines had a larger 5.5 kb fragment (Fig. 1) .
of a deletion in the Gsp-1 locus. These varieties were not included in the field trial that was limited to substitution and deletion lines in the isogenic background of CS. Cultivars 'RSI5', 'Yecora Rojo', 'Kern', and breeding line UC1041 showed a missing Gsp-1 restriction fragment with most of the restriction enzymes, which was assigned to the Gsp-A1 locus. This allelic variant is not present among the substitution lines ( Fig. 1 ) and has not been reported previously in germplasm collections. No polymorphism was observed in Gsp-B1 and Gsp-D1 loci for this set of varieties. The deletion observed for Pina-D1 was also present in Yecora Rojo and UC1041 (Fig. 1) . Lines selected for field evaluation and their genotypes are summarized below.
Grain Texture Variation among Genotypes
Hardness index values were significantly correlated (P Ͻ 0.01) with grain weight and grain moisture, but correlation values were small and explained only a small proportion of the variation in grain texture (grain weight r ϭ 0.40; grain moisture r ϭ 0.31). In order to eliminate a possible effect of the variation of these correlated traits on grain texture, the analysis of variance results were compared with analyses of covariance that included grain weight and grain moisture as covariates. The respective P values are included in the last two ferences (P Ͻ 0.0001) in grain texture among genotypes ( Table 1 ). Differences in grain texture were also de-
The genotypes with one, CS (Timstein 5D), or two deletions in the puroindoline genes [CS (Red Egyptian tected between the two environments but those differences were not significant when the grain weight was 5D) and deletion line 5DS-2; Table 2 ] were significantly different from CS in both the combined and in the included as covariate (Table 1 ). This result indicates that differences in texture between both environments separate environment analyses. The hardness indexes from these three varieties were ≈30 units higher than were partially related to differences in grain filling. Highly significant differences were detected in grain CS hardness index (Table 2 ). Deletion line 5DS-2 did not differ significantly from substitution line CS (Red weight between environments (P Ͻ 0.01).
The interaction between genotypes and environments Egyptian 5D). The adjusted means for the hardness index values of the two lines carrying two deletions in was also significant (Table 1) , but its contribution to the total variation was small compared with the genotype the puroindoline genes were significantly higher in all the analyses (P ϭ 0.02) than the values observed in effect. The complete model explained 97.4% of the total variation in grain texture present in this experiment.
substitution line CS (Timstein 5D) carrying a single mutation in the Pina-D1 gene (Table 1) . A similar result Partition of the variance components showed that the largest proportion of the total variation was explained was observed in the analysis for each of the individual environments. by the variation among genotypes (87.4%) and between environments (8.5%). Only a small percentage of the The substitution line of the recombinant chromosome carrying the segment of chromosome 5A m from T. movariation was explained by the variation among blocks (0.6%) and by the G ϫ E interactions (0.8%).
nococcum was in the other extreme of the hardness spectrum. This line was significantly softer than CS in The addition of the grain weight as covariate increased the proportion of the variation explained by all the statistical analyses (P Ͻ 0.01) including both combined and individual environment analyses. This the model to 98.1% and reduced the variation among environments to nonsignificant levels. Adjustment of line showed hardness index values ≈9 units smaller than the CS control (Table 2) . the means by grain moisture did not increase the proportion of the variation explained by the model (97.4%).
Substitution line CS (Timstein 5B) showed hardness index values slightly smaller than CS (average 6 units, This was expected based on the low correlation between texture and grain moisture. P ϭ 0.04). These differences were not significant in the combined analysis after correction with the grain weight The relative order of the genotypes based on hardness index values was almost identical for both environments in the covariance analysis (P ϭ 0.21, Table 2 ). Differences between these two lines were significant (P Ͻ (Fig. 2) as expected based on the low percentage of the variation explained by the G ϫ E interaction (Ͻ1%).
0.01) in the individual environments in both the AN-OVA and ANCOVA analyses due to the smaller error Therefore, mean comparisons were performed simultaneously for both environments ( Table 2) .
term of these analyses. Therefore, additional studies will be necessary to confirm this effect, and also to determine 5B) substitution line is linked to variation in the Gsp-B1 locus or to other genes in Timstein chromosome 5B. if this difference is caused by a different Gsp-B1 allele or by differences in other regions of the Timstein 5B
The differential effect of the Gsp-1 and puroindoline loci on grain texture parallels their similarities in protein chromosome.
sequence. Puroindoline a and b proteins are more similar to each other (67.5% similar) than to the GSP protein [57 and 58% similar, respectively; Gautier et al., 1994;  Hard and Moderately Hard Classes Rahman et al., 1994 ; and our comparisons using ClusThe G ϫ E interactions explained only 1% of the talW (unpublished data, 2002) ]. variation in hardness index values in the analysis includAbsence of the Pina-D1 transcript or mutations of ing all genotypes (Table 1) . A different result was obthe Pinb-D1 product are associated with hard-textured served when two separate analyses were performed for phenotypes (Giroux and Morris, 1998; Morris et al., the hard-texture genotypes [CS (Timstein 5D), CS (Red 2001) . We show in this study that the simultaneous deleEgyptian 5D), and CS Deletion 5DS-2] and for the other tion of both puroindoline loci results in average hardseven genotypes.
Genotype by Environment Interactions Within
ness indexes ≈5% higher than those observed in genoPartition of the variance components in the ANOVA types with individual mutations. This result suggests that for the three hard-texture genotypes revealed that the mutation of one puroindoline locus is not enough to genotypic differences between the lines with single and completely eliminate the effect of the other on grain double puroindoline deletions accounted for 23.1% of texture. the total variation whereas the differences between enIt is interesting to point out that the hexaploid Red vironments accounted for 28.8% of the variation. Also, a Egyptian 5D substitution in CS has an identical puroinlarge component of the environmental variance (58.9%) doline composition as tetraploid wheats (no puroindowas observed in the ANOVA for the seven moderately line genes present). Therefore, the Red Egyptian double hard-texture genotypes. Genotypic differences among deletion offers the possibility to engineer durum-like these lines accounted for only 18.3% of the total variahardness in hexaploid wheat. The combination of the tion. The genetic variation component was significantly double puroindoline deletion with genes for yellow semsmaller in both separate analyses by texture class than olina color, white grain color, and low polyphenol oxiin the analysis including both classes.
dase activity may open the way for the development of hexaploid varieties with acceptable pasta quality.
DISCUSSION
The incorporation of additional copies of puroindoline genes in the substitution line with the recombined Nonsignificant differences on grain texture were de-5A/5A m chromosome produced the opposite effect to tected between the hardness indexes of the CS control the elimination of puroindoline genes in the substitution and CS Del 5AS-3 or CS Del 5BS-6 deletion lines, in lines described above. The presence of the Pina-A m 1 spite of the large number of blocks included in the study.
and Pinb-A m 1 loci from T. monococcum was associated In addition, the RFLP polymorphisms observed in Red with a decrease of 14% in the mean hardness index Egyptian and Timstein Gsp-A1 locus were not correvalue compared with the control CS, and with the lowest lated with significant differences in grain texture. These hardness index value among all the analyzed genotypes results suggest that these two Gsp-1 loci do not have a ( tion of genes for kernel properties in the wheat cultivar 'Cheyenne' using chromosome substitution lines. p. 703-707. In E.R. Sears and
